Fluorescent antibody fragments of anti-muscle plasma membrane antibody bound as small fluorescent spots when applied by micropipetting to cultured myotubes . The spots were observed to enlarge with time . The rate of enlargement of fluorescent spots was greater when fragments were applied than when divalent antibody was used . It was also greater at 23°-25°C than at 0°-4°C . With glutaraldehyde-fixed cells no increase in the size of the spots was seen . The observations are consistent with the spread of fluorescent spots due to diffusion of surface protein antigens within the plane of a fluid membrane . From measurements of spot size against time, a diffusion constant of 1-3 X 10-9 cm2 sI can be calculated for muscle plasma membrane proteins of mol wt approximately 200,000 . This value is consistent with other observations on the diffusion of surface antigens and of labeled lipid molecules in synthetic and natural membranes .
Several lines of evidence suggest that the proteins and lipids of a plasma membrane are free to move in the plane of the membrane . This evidence, obtained from both animal and bacterial cells, is corroborated by experiments on rotational motions of the principal rod outer segment protein, rhodopsin (2, 4) , and by measurements of the mobility of spin-labeled lipid molecules in artificial lipid bilayer systems (6, 11, 24) . In sum, the plasma membrane may be regarded as a fluid . This picture is useful in dealing with a variety of facts known about membrane proteins and membrane properties (22, 23) ; however, it is primarily a qualitative picture, since only a few experiments have estimated either the viscosity of the membrane (4, 9) or the lateral diffusion constants for some of its components (6, 13, 18, 24) . We here present data, obtained from measurements on single cells, which give an estimate of the rate of diffusion of some membrane proteins . Cultured muscle fibers were marked with spots of antibody and the rates of spread of these spots were determined in order to derive this estimate .
THE JOURNAL OF CELL BIOLOGY • VOLUME 57, 1973 • pages 27 -37 When cells trypsinized from embryo muscle are plated on collagen in rich medium, the myoblasts in the cell population will fuse and differentiate to form multinucleated muscle fibers (25) . These fibers may be 1 mm or more in length, and are typically 30 µm in diameter. Their shape allows fluorescent-labeled anti-membrane antibody to be applied to a small part of the surface area of a single fiber and then to be observed as it spreads from the point of application . The rate of this spread gives a direct estimate of rate of translation of surface protein molecules . The rate of patch spreading is greatest when monovalent antibody fragments (Fab) are used to make a patch . It decreases when cells are chilled to ice temperatures . These observations are consistent with a fluid state of myotube surfaces . The diffusion constants calculated from our data are within an order of magnitude of those derived for diffusion of spin-labeled phospholipids in artificial and natural membranes (6, 18, 24) . They also agree with previous observations on the intermixing of heterokaryon surface antigens (9) .
MATERIALS AND METHODS
Rat embryo muscle cultures were grown in collagencoated plastic Petri dishes by methods previously described (8, 25) .
Preparation of Antibody
Antibody to adult rat muscle surface was prepared by immunizing rabbits with purified rat muscle membranes (10) . Crude membranes were prepared from rat leg muscle by the method of Peter (16) as modified by Hartzell and Fambrough (10) , which involves treatment of crude membranes with collagenase and collection of plasma membrane vesicles by centrifugation . The purified membrane fraction largely consisted of 0 .2-2 .0 ,um vesicles and had a highly active Na+-K+-dependent ATPase (10) . Membranes were suspended in phosphate-buffered saline (PBS) and the suspension was emulsified with Freund's Complete Adjuvant (CFA) . 1 .5 mg dry weight of membranes was injected into each of two rabbits, distributed among the foot pads, toe pads, and multiple intracutaneous sites on both flanks . Animals were bled at 3 and 4 wk after immunization ; this serum was of sufficiently high titer for indirect staining experiments. 6 months after primary immunization, each animal was injected intravenously with another 1 mg of membranes suspended in PBS . The animals were bled out 10 days after this booster and the serum was used to prepare Fab fragments . Characterization of the antiserum by indirect immunofluorescence indicated that it reacted with other rat cells to some extent, but not with chicken myoblasts, fibroblasts, or myotubes, and that it reacted better with 1-2 wk old myotubes than with cells that had only been in culture for a few days . In contrast to this range of specificities, an antiserum prepared against whole rat embryo muscle homogenate (administered in CFA) reacted extensively with rat collagen ; hence it could not be used to stain cells growing on a collagen substrate .
Extraction of Muscle Plasma Membrane
In order to further characterize antigens detected by the antiserum, approximately 2 mg protein dry weight of purified muscle membranes were suspended by sonication in 1 ml of PBS, and 0 .3 ml portions were either (a) incubated for 2 h with 100 jug papain in PBS containing 2 X 10-3 M EDTA and 1 X 10-2 M cysteine, or (b) incubated for 2 h in the above buffer without enzyme .
Treatment a follows the method of Shimada and Nathenson (21) for extraction of Histocompatibility-2 (H-2) glycoproteins from cell membranes, and is expected to yield soluble antigenically active protein fragments in solution, with reduction of the activity 2 8 THE JOURNAL OF CELL BIOLOGY . VOLUME 57, 1973 of insoluble membranes (15) . Treatment b controls for nonenzymatic release or destruction of antigenic activity . After incubation, both samples were centrifuged at 10,000 rpm for 10 min and separated into pellet and supernatant fractions . Pellets were washed three times in PBS, while the supernatants were dialyzed against PBS for 24 h at 4°C . Another portion of membrane suspension was extracted with 6 ml of chloroform/methanol (2 : 1) at room temperature (treatment c) . The extracted residue was caught on a glass fiber filter and reextracted with 3 ml of chloroform/methanol for 30 min at room temperature, after which the mixture was briefly heated to boiling . The residue was again filtered off and the filtrate combined with the initial lipid extract . The combined extracts, containing cell lipids and glycolipids, were backwashed with PBS and the chloroform phase was taken to dryness.
To test extracts for antigen activity 0 .1 ml of serum diluted to 1/45 in Hanks's balanced salt solution was incubated with either pellet or supernatant fractions of a and b or with the lipid extract c .
Iodination of Myotubes
In an attempt to estimate the size of the detected antigens, the surfaces of myotubes were radioiodinated by an enzymatic method (1, 14) and the iodinated proteins were extracted from the cells with NP-40, following procedures for H-2 antigens and immunoglobulins (1, 19) . After centrifugation, 0 .2 ml portions of detergent extract were reacted with either 0 .1 ml of anti-muscle membrane or 0 .1 ml of a control normal rabbit serum used as negative control in staining experiments . After incubation at 37°C for 2.5 h, 1 .0 ml of goat anti-rabbit Fc was added to each tube, and after a further hour of incubation at 37°C, the tubes were refrigerated for 18 h . The immune precipitates that formed were washed three times in PBS containing 5 mM KI . The precipitates were dissolved in 2% sodium dodecyl sulphate (SDS), reduced, and alkylated, and equal volumes of solution were electrophoresed in 5% polyacrylamide gel containing 0 .1 % SDS (20) .
Preparation of Fab
Fab was prepared from our highest titered serum by the method of Porter (17) . 50 ml of 24% sodium sulfate (pH 6 .4) was slowly added to 25 ml of serum at room temperature with constant stirring. The precipitate that formed was washed twice in 16% sodium sulfate, dissolved in 30 ml of borate-buffered 0 .3 M NaCl (pH 8 .1), and reprecipitated with 60 ml of 18% o sodium sulfate. The precipitate was dissolved in 10 ml of 0 .1 M phosphate buffer (pH 7) containing 0 .01 M cysteine and 0 .002 M EDTA . The solution contained a total of 100 mg of protein, to which was added 1 mg of papain (PAP, Worthington Biochemical Corp ., Freehold, N . J .) . The solution was incubated for 9 h at 37°C ; at the end of this incubation the solution was turbid . It was dialyzed in the cold against 1 liter of distilled water and then three times against 1 liter of PBS . The turbid solution was clarified by centrifugation at 100,000 g for 45 min . The clear supernatant reacted with both goat antirabbit Fc and goat anti-rabbit Fab . 60 mg of supernatant protein were dialyzed against 0 .01 M acetate buffer, pH 5 .5, and the solution was loaded onto a 55 ml carboxymethyl cellulose column . After washing the column with 60 ml of starting buffer, protein was eluted with a 700 ml gradient of acetate buffer, pH 5 .5, from 0.01 to 0.90 M . Three protein peaks were obtained (Fig . 1 ) . Pooled fractions were tested by gel diffusion against goat anti-rabbit Fab and antiFc . Pools I and II reacted with anti-Fab, but not with anti-Fc, while pool III reacted only with anti-Fc .
Conjugation of Fab Fragments
Labeled Fab was prepared from samples of pool I or pool II, essentially by the method of Cebra and Goldstein (3) Tube No . CM-cellulose chromatography of papaindigested rabbit anti-rat plasma membrane gamma globulin . Details of elution are given in the text. stain rat myotubes treated for 15 min with intact antibody before reaction with labeled Fab.
Fiber Marking
Fibers cultured in 35-mm plastic dishes for 1-2 wk were selected under the phase-contrast microscope, photographed for reference, and the plastic dish was marked with a sharp point for further reference . Marking (Fig . 3 ) and observation were done with cells in culture media containing 18 mM HEPES buffer.
A fiber selected for marking was labeled by bringing it close to a micropipette containing 1-2,ul of TMRFab . Fab was ejected from the micropipette by gentle pressure from a micrometer syringe . An empty micropipette, of larger bore than the delivery pipette, was positioned opposite the delivery pipette . This empty pipette sucked unbound Fab away from the fiber by capillary action, and prevented excessive lateral spread of the reagent . Most marking was done at room temperature, but in two series of experiments marking was done in cold medium, in an effort to prevent lateral spread of label . When intact unlabeled antibody was applied in a patch, only this was micropipetted ; a fluorescent antiglobulin was applied afterward over the entire dish (9) . The fibermarking procedure was observed with an inverted phase-contrast microscope and the micropipettes were mounted on Leitz micromanipulators . The Fab delivery pipette had a tip diameter of 2-3 µm while the larger empty pipette typically had a diameter of 10-20 µ.m. Fiber marking time was 5-10 min ; 5-10 fibers could be marked with 2 µl of Fab . In two experiments fibers were fixed in freshly prepared 5% glutaraldehyde-PBS for 30 min on ice . The fixed fibers were extensively washed in medium before marking.
125 1-Labeled a-Bungarotoxin 125 1-labeled a-bungarotoxin (prepared and characterized as described in reference 7), which reacts with acetylcholine receptors, was mixed with the Fab in one series of experiments ; it was visualized by autoradiography after the fluorescence of the fibers had been photographed .
TMR Goat Anti-Rabbit Light Chain
TMR goat anti-rabbit light chain (anti-allotype b4) was used in a few experiments to visualize the extent of spread of Fab fragments .
Examination of the Fibers
Fiber examination was done with a Leitz Ortholux microscope fitted with HB0200W mercury burner . Petri dishes were mounted on a metal holder and oiled to the standard dark-field condenser . Exciting light was filtered through either Schott and Gen . (Mainz) or Corion (Corion Instrument Corp ., Waltham, Mass .) interference filters to isolate the 5461 mercury line . Emitted light was viewed through the Schott RG-1 glass filter . Fibers were photographed on Kodak 2475 or 2485 high-speed black and white film ; exposure times were 30 s for 2475 and 20 s for 2485. A X 10 dry lens, numerical aperture 0 .25, was used for most of this work, but X 10 and X 22 water immersion lenses were used for some experiments .
Fab Patch Spreading Fab patch spreading was followed by photographing the fibers in cold medium, replacing the medium with room temperature medium with the dish containing the fiber remaining on the microscope stage, and then changing the medium back to ice temperature before each photograph . Warming the medium caused considerable fading of fluorescence intensity, which was reversible by cooling . On the other hand, fading over time, documented by photographing the chilled fiber, seemed to be irreversible, and we interpret it as being due to spread of the Fab patch and diminution of the peak concentration of TMR on the fiber . Measurements of patch lengths were made on X 330 enlargements of the fibers . Both authors made independent measurements of the patches . These estimates varied for many fibers ; the agreement was best for well-marked fibers, and for all fibers relative rankings of patch spread were fairly consistent .
RESULTS

Characterization of Membrane Antigens
Antigenic activity of extracts was evaluated in terms of their ability to inhibit the binding of antimuscle membrane antibody to cultured myotubes . If an extract contained muscle membrane antigens, there should be no staining of myotubes by the absorbed serum . Only two extracts did indeed reduce the staining of the serum when compared to controls, the membrane pellet after incubation in buffer lacking papain and the papain supernatant . The papain-digested membrane residue and the lipid extract of membranes failed to reduce antiserum staining . These observations suggest that the antigens detected are proteins .
The electrophoretic profiles of radioactivity for total reduced and alkylated detergent extract of radioiodinated myotubes, for material specifically precipitated by antiserum (solid line), and for 3 0 THE JOURNAL OF CELL BIOLOGY • VOLUME 57, 1973 material nonspecifically bound to a precipitate of anti-Fc and normal rabbit serum are shown in Fig .  2 . Comparing the three profiles, it appears that the serum reacts specifically with several antigens running slowly on the gels . From calibration runs on the gel and comparison of specific versus control precipitates, it appears that the antigens detected on muscle cell surfaces by our antiserum are of at least 200,000 mol wt . A globular molecule of this size should have a diameter of approximately 100A . Variations of several-fold in molecular weight will affect diffusion constants only slightly, however, as diffusion is a function of the cube root of the molecular weight of the diffusing molecule .
Fibers Marked with Polyvalent Antibody and Fluoresence Antiglobulin
Of some 30 fibers marked by an indirect technique, and hence bearing patches of cross-linked antibody, only three clearly showed spread of the marked patch with time . The other fibers either broke during culture, or changed shape so drastically that comparison of patch lengths with time was meaningless. In one instance, an entire patch, of 100 Am length, appeared to have moved considerably along the cell surface . Observations in this series were made over 20 h duration, and cells were held at 37°C in N-2-hydroxyethylpiperazine -N' -2-ethane sulfonate (HEPES)-buffered medium between observations. Measurements of those cells that showed spreading patches are given in Table I . It will be seen that the rates are appreciable, though low . They are consistent either with the spread of 100-A particles in a medium of viscosity 10-50 poise or with the spread of very large diameter aggregates in a medium 1/10-1/100 as viscous . Aggregates of antigen are observed when antiglobulins are applied to cells previously treated with antibodies to the plasma membrane (5) .
Fibers Marked with TMR Fab
Over 50 fibers were labeled with TMR Fab (Fig . 3) . Some of these were so lightly labeled that their marks could not be followed with time . Some patches faded without ever showing an increase in length . This fading we interpret as due to dilution of a low initial concentration of Fab . We expect that the Fab concentration at the ends of a patch of stain may be so low as to be undetectable, and that the true extent of a patch may be under- (Table II) Proteins of myotube plasma membranes . (a) Electrophoresis of detergent extract of radioiodinated muscle plasma membrane after reduction and alkylation. (b) Electrophoresis of reduced and alkylated precipitates formed by antiglobulin from muscle membrane extract plus specific anti-muscle antiserum (solid line) or from the same extract plus normal rabbit serum (dashed line) . Migration is to the right in all gels . For details see Materials and Methods section of the text .
were examined (5 min) . A time series on one fiber is shown in Fig . 4 . Data on 20 fibers in which spread was observed or which served as controls are listed in Table III . Six other fibers fixed in glutaraldehyde before marking showed no spread when photographed after 5, 10, 15, 20, 30, and 45 min at room temperature and are omitted from the table . Values independently measured by each of us (ME, DF) are given. They are in good agreement for many fibers, though one of us has, on average, estimated greater rates of spread than has the other . In Table IV , diffusion constants (D) are tabulated for the surface antigens detected by our Fab anti-rat plasma membrane . The fluorescent spots on cells appear to be roughly circular, hence D for two-dimensional diffusion is taken =X 2 /4t, where X = change in radius of the patch (one-half the length of the patch) in centimeters, and t is the time over which the change occurs (in seconds) (12) . A typical value for D is 1 X 10-9 cm2/sec, though values 10-fold greater and 5-fold less were also calculated for some cells . The square term tends to exaggerate differences in measurements, and in some instances D for a given mark varies by an order of magnitude . Because of the uncertainty in determining the true extent of the fluorescent spot (see above), we feel that these variations are due to technique and do not represent measurements on cells with differing states of the membranes.
The average value for D (D) calculated from measurements on the fibers examined in the warm without further treatment is 2 .67 X 10-9 cm2 see-' (SE = 0 .68) for ME data and 1 .1 X 10 -9 cm2 see-' (SE = 0 .58) for DF data . D for fibers treated with unlabeled antibody after spotting with Fab (14-16) is about 0.15 X 10-9 cm2 sec', while b for iced fibers (18) (19) (20) is <0 .01 X 10 -9 cm2 sec1 . Though calculation of membrane viscosities from these data requires many assumptions, the magnitude of the value is of interest . Using the equation for diffusion of a sphere in an isotropic medium, we find a range of apparent viscosities for the myotube membrane of from 0 .2 to 3 poise . FIGURE 3 Marking a fiber . The smaller pipette delivers labeled Fab, which is seen as a dark area in the solution adjacent to the fiber . The estimated diffusion constants for antigen movement for untreated fibers is 1-2 X 10-9 cm2 sec 1, about an order of magnitude lower than that found for diffusion of labeled phospholipids in synthetic lipid multilayers and in sarcoplasmic reticulum (6, 18, 24) . While this difference may reflect greater restrictions on molecular movement in natural membranes than in artificial membranes, it may be that most of the difference is due to the size of the molecules followed . constant is based on single time point measurements on cells that were exposed to Sendai virus, and whose surface antigens were not visualized until after diffusion or mixing had occurred . Thus in the heterokaryon system it was possible to attribute antigen mixing either to changes in the membrane caused by the inactivated virus, or to migration of antigen molecules from membrane sites through the cytoplasm to reemerge on the surface elsewhere . Neither of these possibilities arises in the present system . The myotubes are not virus treated, and the antibody marker is applied before measuring diffusion . It appears that the plasma membranes of several cell types are fluid in nature, allowing intermixing of surface proteins and lipids. How general this aspect of 
